Population surveys have observed decreases in cigarette use over time among smokers. These decreases have probably been influenced by tobacco control measures implemented over the past several decades, but few data exist on whether smokers have also reduced their nicotine intake. The authors examined data from two crosssectional National Health and Nutrition Examination Surveys (NHANES), conducted in 1988-1994 and 1999-2002. Laboratory, examination, and interview data from current smokers not reporting nicotine intake from other sources were examined. From NHANES III (1988) to NHANES 1999, the average number of cigarettes smoked per day (CPD) fell by nearly 15% (three cigarettes), while the mean serum cotinine level fell by 13% (30 ng/ml). Finer breakdowns of CPD data in each time period suggested that most of the change occurred in the lower (<10 CPD) and higher (20 CPD) smoking categories. These data suggest that CPD may represent a proxy for exposure to nicotine and perhaps other tobacco smoke constituents on the population level, since the decline in serum cotinine levels observed among smokers closely paralleled the decline in self-reported CPD between 1988-1994 and 1999-2002. In addition, these data are inconsistent with the hypothesis that the remaining population of smokers is becoming more dependent on nicotine over time.
smoked daily and/or switch to a lower-machine-yield brand of cigarettes do not substantially change their actual exposure to nicotine (8) (9) (10) (11) (12) (13) (14) or carcinogens (15, 16) . Harris (17) has suggested that even if compensation is incomplete for smokers who might be persuaded to switch from to a regular filtered cigarette brand to a so-called light cigarette brand, it is unlikely that the reduction in smoke toxins would be sufficient to yield any substantial reduction in disease risk.
As progress has been made in tobacco control, a number of studies have demonstrated a reduction in the number of cigarettes smoked per day among smokers (18) (19) (20) (21) (22) . Analysis of National Health Interview Survey data from 1965 to 1998 showed that the average number of cigarettes smoked per day has dropped from its peak of 21.5 in 1980 to 17.5 in 1998 (19) . Similarly, among smokers in the Cancer Prevention Survey I cohort, the mean number of cigarettes per day (CPD) peaked at 21.5 in 1981 and had fallen to just over 17.0 by 1998 (20) . Data from the COMMIT cohort (18) showed that between 1988 and 1993, the percentage of smokers smoking 25 or more CPD dropped by five percentage points (from 30 percent to 25 percent), while the percentage who reported smoking 5-14 CPD rose by 4 percentage points (from 24 percent to 28 percent). Similar findings have been noted in survey data from California (20) and Massachusetts (21) . There has also been a concomitant shift in the United States toward increased nondaily and low-rate daily smoking (23) (24) (25) (26) (27) . Many factors have contributed to the steady decline in cigarette use in the United States since the mid-1960s, including a better informed public, rising cigarette prices (due to tax increases), large-scale adoption of smoke-free policies, and improved access to smoking cessation treatments (28, 29) .
Given what is known about smoker compensation for reduced machine yield, a presumption is made that reductions in CPD will not result in decreasing nicotine intake, since smokers will simply increase their nicotine intake per cigarette, titrating their exposure to maintain a daily dose (30) . However, because population-based longitudinal or repeated cross-sectional data that include measures of nicotine intake are rare, this presumption has yet to be tested. Cotinine, nicotine's major metabolite, is typically used to assess nicotine intake because of its relatively longer half-life (averaging 20 hours as opposed to 2 hours for nicotine) (31) (32) (33) . Data from the National Health and Nutrition Examination Survey (NHANES) (34) (35) (36) can address whether contemporary smokers in a representative US population sample are smoking fewer cigarettes than smokers of years past and, if so, whether they are also taking in less nicotine. Other investigators have reported on serum cotinine levels among both smokers and nonsmokers using NHANES data (37) (38) (39) , but to our knowledge, none have examined trends over time.
In the current analysis, we had two objectives: 1) to examine changes in average serum cotinine level and CPD among smokers at two different time points using the NHANES samples from 1988-1994 and 1999-2002 and 2) to compare whether the change in serum cotinine level observed over time paralleled that seen for CPD. On the basis of other findings reported in the literature (18) (19) (20) (21) (22) , we would expect to see a decline in self-reported CPD when comparing NHANES samples from 1988-1994 and 1999-2002 . However, it is less clear whether serum cotinine levels would change to a similar degree. If changes in serum cotinine levels closely paralleled changes in CPD, this would provide evidence that CPD is a reasonably accurate proxy measure for population-level changes in exposure to nicotine and other tobacco smoke constitutes. On the other hand, if serum cotinine levels remained stable while CPD declined, this would provide evidence in support of the hypothesis that the remaining population of smokers ingests more nicotine per cigarette and may be more nicotine-dependent.
MATERIALS AND METHODS

NHANES data collection
Details on the methods used in the NHANES surveys are available from the National Center for Health Statistics (http://www.cdc.gov/nchs/nhanes.htm). Participants complete a household interview, followed several days later by an interview conducted at a mobile examination center (MEC) and collection of a blood sample. In the Third NHANES (NHANES III; 1988-1994) 17,705 persons aged 17 years or more completed the MEC interview and provided a blood sample; in NHANES 1999-2002, 12,060 persons aged 17 years or more were interviewed in the MEC and provided blood (33) (34) (35) . We limited our analyses to participants aged 25 years or more to avoid those who were in the uptake phase of smoking initiation. We classified smokers by gender, age (25-39, 40-54, or 55 years), race/ethnicity (non-Hispanic White, non-Hispanic Black, Mexican-American, or ''other''), body mass index (weight (kg)/height (m) 2 ; underweight (<18.5), normal weight (18.5-24.9), overweight (25.0-29.9), or obese (30.0)) (40), education (less than high school, high school graduate, or more than high school), and number of smokers in the household (0, 1, or 2). Number of smokers in the household was used as a proxy for secondhand smoke exposure.
Tobacco-use measures
Because the half-life of cotinine averages 20 hours (31), we used smoking-related information from the NHANES MEC interview, as opposed to the household interview, in our analyses. One exception was CPD, where we also examined the household interview responses to determine whether systematic bias existed in interview responses versus MEC responses. For NHANES III, MEC participants were asked how many cigarettes they had smoked in total over the past 5 days, which necessitated the calculation of CPD. For NHANES 1999-2002, participants were asked whether they had smoked any cigarettes over the past 5 days (including the day of the MEC interview) and, if so, 1) on how many days they had smoked, 2) how many cigarettes they had smoked on each day, and 3) on which day they had smoked their last cigarette (today, yesterday, or 3-5 days ago). For both surveys, CPD values less than 1 were coded as 1 and values greater than 95 were coded as 95. In the household interview component, participants were asked to report ''about'' (NHANES III) or ''on average'' (NHANES 1999-2002) how many cigarettes they had smoked per day.
In both surveys, participants were asked separate questions to assess use of pipes or cigars, smokeless tobacco products, and nicotine replacement products in the past 5 days. Regarding nicotine replacement products, the NHANES III questionnaire asked only about use of nicotine gum in the past 5 days, while the NHANES 1999-2002 questionnaire asked about use of gum, patches, inhalers, nasal sprays, or any other sources of nicotine.
Cotinine analysis
Blood samples obtained during the MEC portion of NHANES were examined for serum cotinine using high performance liquid chromatography/atmospheric-pressure ionization tandem mass spectrometry (32) . This method has been continuously maintained in a single laboratory at the Centers for Disease Control and Prevention, which has analyzed serum cotinine levels in NHANES samples since 1988. Blind and bench serum pools are routinely included with analytic runs as a quality assurance method, and additional pools spiked with known amounts of cotinine perchlorate are analyzed periodically to confirm the accuracy and precision of the method. Because of interest in monitoring population trends, efforts have been made to assure stability over time. Three quality-control pools at cotinine levels of 0.268 ng/ml, 1.86 ng/ml, and 207 ng/ml have been measured periodically from 1990 through 2004 and have shown no systematic drift in the measurement of cotinine over time.
Subsample selection
As expected, the prevalence of cigarette smoking in the past 5 days had dropped significantly from NHANES III To remove the influence of other sources of nicotine on serum cotinine levels, we examined the tobacco and nicotine use patterns of persons aged 25 years or more who reported using any nicotine-containing product in the past 5 days (see table 1 ). Over 80 percent of nicotine users in both samples reported cigarettes as their only source of nicotine, though the proportion of exclusive cigarette use was slightly lower in the 1999-2002 sample. Approximately 3 percent of cigarette smokers in both surveys reported concurrent use of cigarettes and other tobacco products or nicotine replacement products. We limited our subsequent analyses to participants aged 25 years or more who used cigarettes exclusively.
Data analysis
Data were analyzed using SUDAAN 9.0.1 (Research Triangle Institute, Cary, North Carolina), running under SAS 9.1 (SAS Institute, Inc., Cary, North Carolina), to account for the complex sampling design (41, 42) . Comparisons were made by examining the overlap of 95 percent confidence intervals around percentages and by t tests of mean values using standard errors derived from SUDAAN. Analysis of variance was used to assess the relation between serum cotinine level and CPD (categorized as 1-5, 6-9, 10, 11-14, 15-19, 20, 21-29, and 30), adjusting for person-level factors (age, sex, race, education, body mass index, and number of smokers in the household). Logarithmically transformed serum cotinine values were examined in the analysis-of-variance model to normalize the distribution and ease interpretation. All p values presented are from two-tailed tests. Table 2 shows the demographic characteristics of current exclusive cigarette smokers in 1988-1994 and 1999-2002 . No differences were seen for sex or race categories across the two surveys. There were proportionately more participants with more than a high school education in the 1999-2002 survey. The more recent sample also contained fewer persons aged 25-39 years and more persons aged 40-54 years. As has been described elsewhere (43) , the proportion of Americans who were overweight or obese increased significantly between the two periods. On the whole, the two samples were demographically comparable. CPD from the household interview dropped by 12.6 percent (20.5 CPD vs. 17.9 CPD; p < 0.0004). Table 2 shows that the percentage of respondents smoking 25 or more CPD dropped over time as well, with a corresponding increase in the percentage smoking 1-14 CPD, which is similar to the findings of Hyland and Cummings (18) . Mean cotinine levels and CPD values (for both the household interview and the MEC interview) were also broken out by the various demographic categories to determine whether any subgroup of smokers showed alternative patterns of change. Results of the subgroup analyses (table 3) were consistent-no group showed a significant rise in either cotinine or CPD, and the rates of decline were substantially similar. This was true even among the heaviest smokers (25 CPD), whose average serum cotinine level dropped 11.0 percent while their average cigarette use dropped by 9.3 percent. One notes that the household interview values for CPD are uniformly higher than the MEC interview values for reported CPD in the past 5 days. However, the patterns of change are approximately parallel for the two measures. In NHANES III, interview and MEC CPD reports correlated at r ¼ 0.81, while in NHANES 1999-2002, the measures correlated at r ¼ 0.82 (Spearman rank correlations).
RESULTS
Demographic factors
Cotinine level per cigarette smoked was determined by dividing each participant's cotinine value by reported CPD over the past 5 days. The overall change was marginal, and the subgroup analyses showed similar results; that is, no subgroup showed cotinine level per cigarette smoked to be increasing over time. If one applies the Benowitz and Jacob (32) conversion factor (K ¼ 0.08) to the cotinine level, one finds that the daily dose of nicotine dropped from 18. We also conducted analyses in an ''age-cohort'' fashionfor example, comparing persons who were aged 30-40 years in NHANES III with those who were aged 40-50 years in NHANES 1999-2002. We saw similar drops in CPD and cotinine level (data not shown).
Analysis of variance
To assess the relation between change in CPD and change in cotinine, we constructed analysis-of-variance models predicting cotinine level with a multicategory CPD variable. One analysis was carried out for the NHANES III data and a second one was carried out for the NHANES 1999-2002 data; the results are plotted in figure 2. One notes two effects. First, above approximately 20 CPD, cotinine levels flatten out, which is consistent with previous findings (38) . Second, one notices that the drops in cotinine between the two surveys are seen in two groups of smokers: those smoking fewer than 10 CPD and those smoking 20 or more CPD. Among those smoking 1-9 CPD, serum cotinine fell from a mean of 123.6 ng/ml (95 percent CI: 112.1, 135.1) to 104.6 ng/ml (95 percent CI: 95.0, 114.2), which falls just short of statistical significance but represents a 15-ng/ml decline. Among those smoking 20 or more CPD, serum cotinine dropped from a mean of 292.0 ng/ml (95 percent CI: 283.0, 300.9) to 252.2 ng/ml (95 percent CI: 240.1, 264.5), a significant 14 percent drop. Those reporting smoking 10-19 CPD showed no significant drop in cotinine levels between the two surveys (220.7 ng/ml vs. 227.5 ng/ml).
We constructed a second model adjusting for sociodemographic factors associated with CPD and/or cotinine level (age, sex, race/ethnicity, education, body mass index, and number of smokers in the household) to determine whether adjusting for these factors changed the relation between CPD and cotinine. After adjustment for these covariates, mean values and the pattern of results did not change significantly, suggesting that the relation between cotinine and CPD is stable when other factors are accounted for (data not shown). That is, shifts in demographic factors, such as an increase in the percentage of respondents with a high school education, do not explain away the observed effect.
DISCUSSION
Several earlier studies have documented a drop in CPD among smokers in the recent past (18) (19) (20) (21) (22) ; however, this is the first study we are aware of to examine whether population-level changes in cigarette use are correlated with population-level changes in nicotine intake. As anticipated, we found that smokers in the more recent NHANES survey (1999-2002) reported smoking nearly three fewer CPD, representing a 15 percent drop in average cigarette use. Consistent with the reported decline in CPD observed between the two samples, we found that smokers' average cotinine levels decreased by an average of 30 ng/ml or 13 percent. These changes cannot be accounted for by population shifts toward substantially lower-nicotine-yield cigarettes, since the market share of ultralight cigarettes (cigarettes with <6 mg of tar (as measured by the Federal Trade Commission method), on which complete compensation for nicotine (44) . These data suggest that CPD may be an adequate proxy for population-level changes in exposure to nicotine, since the decline in serum cotinine levels closely paralleled the decline in self-reported CPD, even though the relation between cotinine and CPD has been observed to be nonlinear (38) . These data also complement recent reports suggesting significant correlations between self-reported CPD and cotinine levels (45) (46) (47) . While some might see such a finding as contradicting the body of literature on smoker compensation, it is worth noting that nicotine regulation need not be precisely controlled (48) . Under a ''boundary'' model of nicotine regulation, smokers regulate their intake not to achieve a particular set point but to avoid aversive states of ''too much'' or ''too little'' nicotine (48) . Under such a model, smokers have some degree of latitude to regulate their daily intake of nicotine. Given that most investigators reporting on compensation report incomplete compensation (8) (9) (10) (11) (12) (13) (14) on a per-cigarette basis, it is not surprising that smokers are not perfectly calibrating their nicotine intakes to account for reduced CPD. It is possible that with larger decreases in CPD, compensation might become apparent. Obviously, we could not directly test hypotheses about individual-level smoker compensation in this analysis, since the results were based on a comparison of two independent cross-sectional samples of smokers, not a cohort of smokers tracked over time.
The ''hard-core smoker'' hypothesis states that as societal tobacco control continues, a group of smokers that is increasingly unwilling or unable to quit will remain (49, 50) . The data from this study failed to provide any evidence to support this hypothesis, since serum cotinine levels declined in approximately the same proportion as reported CPD. Some have argued that the smoker population could be ''hardening'' even if a drop in CPD were seen, since smoking restrictions and price influences could cause a drop in total CPD but smokers could compensate on a per-cigarette basis (28, 30) . The results from this study refute this hypothesis; both CPD and cotinine levels dropped, suggesting little compensation for the reduction in total cigarettes smoked, at least on a population level. The relation between cotinine and CPD has remained stable over time, suggesting no significant per-cigarette compensation for reduced consumption. Finally, the overall variance in CPD and cotinine level did not increase between the two surveys, which ought to have occurred if some smokers were compensating for the reduced number of CPD while others were not.
Nondaily smoking has been of interest in recent years (23) (24) (25) (26) (27) . It is unknown how much nondaily smoking increased in this population between the two survey waves, but the more it did, the greater the potential for explaining the changes in cotinine and CPD. The results from the 1999-2002 data indicated that a substantial proportion of smokers had not smoked on all of the previous 5 days, which is consistent with other national survey findings (25) (26) (27) . Note that 26 percent of self-reported ''everyday'' smokers, as determined by the household interview item ''Do you smoke every day, some days, or not at all?,'' reported that their last cigarette had been smoked on the day before the MEC interview; this indicates that they may have abstained from smoking on the day of their examination, inflating the estimate of nondaily smoking. It might be thought that the decreased smoking and nicotine intake we observed could be due primarily to the increase in nondaily smoking. However, we observed decreased smoking and nicotine intake even among persons who smoked 25 or more CPD, who are least likely to be nondaily smokers-in NHANES 1999-2002, 82.6 percent of these heavy smokers indicated that they had smoked on each of the preceding 5 days. Thus, the increase in nondaily smoking accounts for only part of the decrease in smoking and nicotine intake: Smoking and nicotine intake are decreasing even among daily smokers.
Another way in which dependent smokers might be hypothesized to compensate for reductions in smoking would be to adopt the use of other products that deliver nicotine. However, as table 1 shows, there has been no substantial increase in the use by smokers of other tobacco products or nicotine replacement products, even though the latter have become much more available as a result of being licensed for sale without prescription since 1996 (51) .
While the continuing decline in CPD over the past several decades is a positive trend and an indicator of efforts by smokers to quit, it is unlikely that cutting back a few CPD will translate into any positive health benefit (52-54). Hecht et al. (55) have reported that reduced cigarette use (50-75 percent in a clinical trial) is related to a concomitant but comparatively small decrease in urinary levels of tobaccospecific nitrosamine metabolites (30-40 percent) . These findings are similar to those reported earlier by Benowitz (57) (58) (59) . The cigarette use changes reported here were on the order of 10-15 percent, much smaller than those in these other studies.
An interesting methodological observation in these data is the consistent difference in self-reported CPD by the same persons in the household interview and the MEC interview. On average, smokers reported smoking two more CPD in the household interview than in the MEC interview, and this held up over time and across various demographic categories (see table 3 ). This consistency suggests that the observed change in self-reported consumption is real and not a function of measurement differences between survey waves. However, from a measurement standpoint, a systematic difference in reported consumption between ''on average'' and ''over the past 5 days'' has implications for survey research on tobacco use. We cannot evaluate which measure is a more accurate reflection of actual consumption in these data, since both correlate significantly with each other and with serum cotinine, and both change similarly over time.
A limitation of the NHANES data is the lack of specific questions about intentions or desires to quit smoking, so we could not assess these possible contributors to the changes in smoking behavior. We compared data from two surveys conducted nearly a decade apart in different samples, with some questions (e.g., use of nicotine replacement products) changing over time. However, given that each sample was a nationally representative sample, the conclusions should be applicable to the US national population. Importantly, the NHANES data cannot directly address the issue of nicotine dependence. Nicotine intake is only modestly correlated with nicotine dependence (60) , which is a complex pattern of behavior marked by drug-seeking, loss of control over drug-taking, craving, and withdrawal (61) .
In conclusion, data from two recent NHANES surveys suggest that contemporary smokers are smoking fewer CPD and taking in less nicotine, as reflected in lower cotinine levels. The relation between cotinine and CPD appears to be stable across the two surveys, particularly when potential confounders such as race and body mass index are accounted for. The ratio of cotinine level to cigarettes smoked also appears to be declining proportionally over time, suggesting that CPD might be a useful proxy measure for estimating population-level changes in exposure to nicotine and other tobacco smoke constituents. In addition, these data are inconsistent with the hypothesis that the remaining population of smokers is becoming more dependent on nicotine over time.
